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Summary
Objective: To determine the interrelations between degenerative changes in articular cartilage and underlying trabecular bone during devel-
opment of osteoarthritis and to test the ability of quantitative magnetic resonance imaging (MRI) to detect those changes.
Methods: Human cadaver patellae were investigated with quantitative MRI methods, T2 and dGEMRIC, at 1.5 T. Same measurements for
isolated cartilage samples were performed at 9.4 T. Bone samples, taken at sites matched with cartilage analyses, were measured with
MRI and peripheral quantitative computed tomography (pQCT). Mechanical and quantitative microscopic methods were also utilized for
both cartilage and bone samples.
Results: Signiﬁcant differences were found between the samples with different stages of degeneration in mechanical properties, T2 at 1.5 T
and proteoglycan (PG) content of articular cartilage. dGEMRIC at 9.4 T discerned samples with advanced degeneration from the others. Bone
variables measured with pQCT discerned samples with no or minimal and advanced degeneration, and mechanical properties of trabecular
bone discerned samples with no or minimal degeneration from the others. Signiﬁcant linear correlations were found between the bone and
cartilage parameters. Characteristically, associations between variables were stronger within the samples with no or minimal degeneration
compared to all samples.
Conclusions: Quantitative MRI variables, especially T2 relaxation time of articular cartilage, may be feasible surrogate markers for early and
advanced osteoarthritic changes in joint tissues, including decreased elastic moduli, PG and collagen contents of cartilage and mineral density
and volume fraction of trabecular bone. Further work is required to resolve the relaxation mechanisms at clinically applicable ﬁeld strengths.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The living joint is a mechanical unit with several interacting
components, such as cartilage, bone, ligament and tendon.
Due to continuous mechanical interaction between joint
structures pathological alterations in one component are
likely to induce either compensative or pathological changes
in other components. In the ﬁrst stage of the most common
degenerative joint disease, osteoarthritis, degenerative
changes in both articular cartilage and trabecular bone
take place. For articular cartilage, among the ﬁrst changes
are increase in water content, loss of proteoglycans (PGs)
and disruption of collagen ﬁbrils in superﬁcial cartilage, grad-
ually advancing and spreading to deeper tissue and eventu-
ally leading to complete disorganization of the cartilage
matrix1. For trabecular bone, density of the subchondral
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Received 21 December 2006; revision accepted 27 March 2007.1plate increases and sclerotic increase of the amount of the
trabeculae may appear beneath it. However, the volumetric
mineral density of trabecular bone decreases due to incom-
plete mineralization of trabecular structure2. Cyst-like bone
cavities may also appear. At ﬁnal stages of osteoarthritis,
cartilage is completely worn out leaving the dense subchon-
dral plate functioning as the articulating surface. These
changes progressively compromise the mechanical function
of joint. As the early stages of the disease are practically
asymptomatic the time sequence of the initial changes in
cartilage and bone remains poorly understood.
Recent in vivo studies, focusing on both articular cartilage
and trabecular bone, utilize measurement of joint space nar-
rowing as a diagnostic indicator of osteoarthritis3,4. Unfortu-
nately, serious degeneration of joint tissues has already
begun before any changes in cartilage thickness or joint
space can be detected. Quantitative magnetic resonance
imaging (qMRI) parameters could serve as early markers
of joint degeneration and changes in the mechanical proper-
ties of cartilage and underlying bone. Several qMRI tech-
niques have recently been introduced for the noninvasive
assessment of structure and composition of articular149
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lar cartilage has been found to be sensitive to the orientation
and amount of collagen ﬁbrils7e9, while T1 relaxation time in
presence of an ionic contrast agent (delayed Gd-Enhanced
MRI of Cartilage (dGEMRIC) technique) reﬂects the PG dis-
tribution in cartilage tissue10,11. For trabecular bone, T2* re-
laxation time is associated with bone mineral density
(BMD)12e14, and trabecular structure can be assessed mor-
phometrically after binarizing MRI images15e17.
The aim of the present study was to determine the interre-
lationsof changes in articular cartilageandunderlying trabec-
ular bone at different stages of osteoarthritic degeneration.
Particularly, we tested the ability of clinical MRI techniques
to reﬂect these changes and their interrelations during pro-
gressive degeneration. MRI variables obtained with clinical
1.5 T scanner and MRI variables of cartilage obtained at
9.4 T research magnet and BMD as measured with periph-
eral quantitative computed tomography (pQCT) were com-
pared to mechanical properties measured separately for
bone and cartilage samples. Additional reference measure-
ments were conducted using quantitative microscopic tech-
niques, including Fourier transform infrared spectroscopy
imaging (FTIRI) to estimate the collagen content of cartilage,
and optical density measurements of cartilage PGs, and po-
larized light microscopy of bone to estimate the bone volume
fraction. The data are partially based on two earlier publica-
tions that assessed cartilage18 and bone properties19 and
thereby help to draw new important conclusions on the inter-
action of these tissues in degenerative joint disease.
Methods
SAMPLE PREPARATION
Human cadaver knee joints (N¼ 14, 12 males, 2 females,
mean age¼ 55 18 years) were obtained within 48 h post-
mortem from the Jyva¨skyla¨ Central Hospital, Jyva¨skyla¨,
Finland, with permission from the National Authority of
Medicolegal Affairs, Helsinki, Finland (permission 1781/32/
200/01), and dissected bones were frozen separately.
Healthy joints as well as joints with different degrees of
degeneration were accepted for the study. The right patel-
lae were thawed overnight, and six topographical locations
were assessed to cover the entire articular surface (Fig. 1).
For the reproducible localization the sites were marked on
the cartilage surface using a ﬁne felt-tipped pen. Intact
patellae were used for 1.5 T MRI and pQCT measurements.
For 9.4 T MRI and mechanical measurements of cartilage,
4-mm cylindrical samples were used. MRI, pQCT and
mechanical measurement methods have been described
in more detail earlier18,19. All data analyses were conducted
using in-house MatLab scripts (MatLab, Mathworks Inc.,
Natick, MA, USA). Abbreviations for all measured and
calculated parameters are shown in Table I.
MRI MEASUREMENTS OF CARTILAGE AND BONE
Patellae were equilibrated overnight in 0.5 mMGadolinium-
diethylene triamide pentaacetic acid (Gd-DTPA2) solution
(Magnevist, Schering AG, Germany) and frozen. It has
been shown that small Gd-DTPA2 concentrations, such
as that applied here, have no signiﬁcant effect on T2
relaxation time of cartilage20. The present Gd-concentration
was chosen as, based on measurements of T1 in the
presence and absence of Gd-DTPA2, the in vivo con-
centration has been estimated to be less than 1 mM20.
However, assessment of Gd-DTPA2 concentration in vivois complicated because the exact relaxivity, i.e., the ability
of the contrast agent to enhance relaxation, of cartilage is
not known in vivo10. Prior to measurements patellae were
thawed, wrapped in plastic ﬁlm to prevent dehydration,
and MRI-visible capsules containing peanut oil were at-
tached at the measurement sites to serve as localization
markers (Vitol, Cardinal Health UK 414 Ltd, Wiltshire, Great
Britain). A clinical 1.5 T scanner (Signa TwinSpeed, GE
Healthcare, Milwaukee, WI, USA) was used together with
a 300 receiving surface coil and the body coil as the transmit-
ting coil. The articular surface of intact patellae was oriented
parallel to the B0 ﬁeld to emulate clinical patient positioning.
For T2 mapping a series of eight images were acquired
using a multi-slice multi-echo spin echo sequence with im-
proved slice proﬁle (repetition time TR¼ 1000 ms, echo
Fig. 1. Test sites for articular cartilage and trabecular bone.
SM ¼ superomedial, SL ¼ superolateral, CM ¼ central medial,
CL¼ central lateral, IM¼ inferomedial, and IL¼ inferolateral.
Table I
Abbreviations of measured and calculated parameters
dGEMRICs [ms] Gd-enhanced T1 relaxation time of superﬁcial
articular cartilage
dGEMRIC [ms] Gd-enhanced T1 relaxation time of articular
cartilage
T2,s [ms] T2 relaxation time of superﬁcial articular
cartilage
T2 [ms] T2 relaxation time of articular cartilage
T2* [ms] T2* relaxation time of trabecular bone
BV/TVSE [%] Bone volume fraction assessed from spin echo
measurements
BV/TVGE [%] Bone volume fraction assessed from gradient
echo measurements
BMD [mg/cm3] BMD measured with pQCT
BV/TVpQCT [%] Bone volume fraction measured with pQCT
BV/TVREF [%] Bone volume fraction measured with polarized
light microscopy
Es,c [MPa] Elastic modulus of articular cartilage
Ed,c [MPa] Dynamic modulus of articular cartilage
Es,b [MPa] Elastic modulus of trabecular bone
sy [MPa] Yield stress of trabecular bone
su [MPa] Ultimate strength of trabecular bone
PG [OD] PG content of articular cartilage
MS MS of articular cartilage
Collagen
[absorption]
Collagen content of articular cartilage
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slice thickness, a ﬁeld-of-view of 8 cm and 256 256 matrix
size to yield 0.313 mm pixel size, measured at room tem-
perature). This was followed by a T1 relaxation time (dGEM-
RIC) measurement (single-slice inversion recovery fast spin
echo sequence, TR¼ 1700 ms, TE¼ 11 ms, six inversion
times (TI’s) between 50 and 1600 ms, ETL¼ 6), and T2*
measurement of bone (gradient echo TR¼ 100 ms, six
TE’s between 4.7 and 28 ms, ﬂip angle¼ 30). Subse-
quently, full-thickness 4-mm cartilage disks were prepared
from each measurement site using a biopsy punch and a ra-
zor blade. The topographical locations of extracted samples
were marked on the bone surface with a felt-tipped pen, and
the patellae were frozen.
Patellar bones were thawed before fast gradient echo
sequence measurements (TR¼ 30 ms, TE¼ 4 ms, ﬂip
angle¼ 40, 1-mm slice thickness, a ﬁeld-of-view of 6 cm
and 256 256 matrix yielding 0.234 mm pixel size, mea-
sured at room temperature) were used. From each patella,
40 consecutive slices were imaged to cover the entire tra-
becular bone volume for structural assessment. Patellae
were frozen for further experiments.
For 9.4 T measurements of cartilage samples, an Oxford
NMR vertical magnet (Oxford Instruments PLC, Witney,
UK), a SMIS console (SMIS Ltd, Surrey, UK), and a 5-mm
high-resolution volume spectroscopy probe (Varian Associ-
ates Inc., Palo Alto, CA, USA) were used. Prior to measure-
ments, the cylindrical samples were thawed and sealed in
a test tube (dia.¼ 5 mm) immersed in Gd-DTPA2 solution
to maintain the contrast agent concentration. The samples
were located axially in the center of the coil and the sample
surface was oriented perpendicular to the B0 ﬁeld, as limited
by the coil construction. T2 and T1 (dGEMRIC) were de-
termined using a spin echo sequence (TR¼ 1500 ms, TE¼
14e80 ms, 1-mm slice thickness, 0.039 mm resolution
across cartilage depth, at 25 1C) and saturation recovery
sequence (TE¼ 14 ms, six TR’s between 100 and
2000 ms), respectively.
MRI ANALYSES
The MRI parameter maps were obtained by ﬁtting data
into exponential relaxation equations assuming a mono-
exponential decay21. Regions of interest (ROI) with a width
matching the slice thickness were manually segmented at
the measurement sites as marked by the MRI-visible cap-
sules (Fig. 2). To avoid partial volume effects, the most
superﬁcial pixel was omitted. Relaxation times for the
approximately 1 mm of the most superﬁcial tissue (three
pixels at 1.5 T and eight pixels at 9.4 T) as well as bulk
values covering the full thickness uncalciﬁed cartilage
were determined. As the thickness of the actual superﬁcial
cartilage layer is beyond the resolution of 1.5 T measure-
ments, the superﬁcial values of MR parameters refer to
thicker region than the histological superﬁcial cartilage layer
as determined by the collagen ﬁbril orientation.
For bone analysis, 7 7 mm2 ROI were segmented man-
ually under subchondral plate at the measurement sites
(Fig. 2). From structural images a 7 7 7 mm volume of
interest (VOI) was assessed, having the centermost slice
at the location of the T2* measurements. The apparent
bone volume fraction, i.e., the ratio of the bone volume to
the total tissue volume, (BV/TVGE) was calculated based
on the histograms of signal intensities in the selected vol-
umes16. Spin echo measurements used for T2 calculations
were also used to estimate apparent bone volume fraction
(BV/TVSE) by comparing the spin density of bone marrowin selected ROI and localization marker functioning also
as oil reference22,23. Trabeculae were assumed to have
negligible MRI signal; thus the spin density of each ROI
was assumed to be entirely due to bone marrow inside
the ROI. The oil reference was chosen to represent the
case of ROI consisting of only bone marrow. The bone mar-
row volume fraction in each ROI was calculated by dividing
the signal intensity of each ROI with the spin density of the
oil reference in each image. Bone volume fraction (BV/
TVSE) was calculated by subtracting the bone marrow vol-
ume fraction from unity. The markers were vitamin capsules
with peanut oil as an auxiliary substance (Vitol, Cardinal
Health UK 414 Ltd, Wiltshire, UK).
pQCT MEASUREMENTS
Prior to pQCT measurements, patellae were thawed in
saline immersion. Plastic markers were used to localize
the six topographical locations in each patella. Volumetric
BMD was measured with localization corresponding to the
T2* measurements (58 kV, 0.175 mA, nominal in-plane
resolution 0.200 mm, 0.5-mm slice thickness, XCT 2000,
Stratec, Birkenfeld, Germany). A BMD value for a 7 7 mm
ROI, localized into the trabecular bone under dense sub-
chondral plate, was calculated. Apparent bone area fraction
was determined for each ROI by using the same histogram
based technique as for the MRI gradient echo images and
used as an estimate of bone volume fraction (BV/TVpQCT)
in 3-D space.
BIOMECHANICAL TESTING OF ARTICULAR CARTILAGE
Biomechanical testing was performed with a custom-
made high-resolution material testing device [load cell with
resolution of 5 mN (Honeywell Sensotec, Columbus, OH,
USA) and a precision motion controller with resolution of
0.1 mm (Newport, Irvine, CA, USA)]24. A stress-relaxation
test was performed in unconﬁned compression geometry.
After establishing a proper surface contact, a 10% compres-
sive pre-strain was applied followed by 1-h relaxation.
Fig. 2. Localization of the sample sites for articular cartilage (black
rectangles) and trabecular bone (white squares). Two locations
were marked at each slice, one on medial and one on lateral facet.
Capsules serving as localization markers and spin density refer-
ence were attached on a plastic ﬁlm wrapped ﬁrmly around the
patella. The ROI were chosen to be rectangular and approximately
10 pixels (3.125 mm) wide for cartilage and 23 pixels (7.19 mm)
wide for bone.
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steps at 1 mm/s ramp velocity and 40 min relaxation after
each step. Young’s modulus (Es,c) was determined from
the equilibrium response. A dynamic test with 1 Hz
frequency and 1% strain amplitude was conducted after
the stress-relaxation test, and the dynamic modulus (Ed,c)
was determined as the stress/strain ratio of peak-to-peak
values25,26.
BIOMECHANICAL TESTING OF TRABECULAR BONE
Cylindrical samples (dia.¼ 7 mm, length¼ 7 mm) were
isolated from the sites of interest. A grinding system (Macro
Exakt 310 CP, Exakt, Hamburg, Germany) was used to par-
allelize the ends of cylindrical plugs and remove the dense
subchondral plate. The destructive testing protocol included
2-min equilibration of the sample under a pre-stress of 10 N,
ﬁve non-destructive dynamic cycles (0.5% strain) and de-
structive compression to 5% strain with a ramp velocity of
5 mm/s (Instron FastTrack 8874, Instron, Norwood, MA,
USA). Young’s modulus (Es,b) was determined as the slope
of the linear ﬁt to the stress/strain curve between 40% and
65% of the maximum stress27. An offset method with strain
offset of 0.03% was used to determine the yield point and
yield stress (sy)
28. The ultimate strength (su) was obtained
as the maximum stress.
HISTOLOGICAL ANALYSES
The PG content of matrix was assessed with digital den-
sitometry of 3-mm thick Safranin-O stained sections29. Col-
lagen content was estimated from unstained sections with
Fourier transformed infrared imaging technique30. The his-
tological Mankin score (MS) of the samples was evaluated
by three of the authors independently from blind-coded
Safranin-O stained sections31. Since the samples were de-
tached from subchondral bone, the integrity of the tidemark
could not be evaluated.
Bone cylinders too short for biomechanical testing (spec-
imen length less than 7 mm, see below) were prepared for
polarized light microscopy. Specimens were decalciﬁed in
ethylenediaminetetraacetic acid (EDTA)eformalin, dehy-
drated in ethanol solutions, and embedded in parafﬁn as
previously described29. Histological sections (7 mm thick)
were cut with an LKB Historange microtome (LKB, Bromma,
Sweden). After dewaxing and rehydration of the sections,
PGs were digested with testicular hyaluronidase32, and un-
stained sections were prepared for polarized light micros-
copy. Collagen network of the bone matrix was visualized
with crossed polarizers and strain-free optics. Orientation
independent birefringence image of the organized collagen
matrix was generated after stepwise rotation of the
polarizereanalyzer pair33 and calculation of the theoretical
intensity maximum for every pixel in the image. The method
was totally insensitive to cells as well as to loose connective
and adipose tissue in the bone marrow space since these
structures do not show any regular organization of ﬁbrillar
collagen. The areal fraction of the bone collagen matrix
was calculated from the binarized, background corrected bi-
refringence images using 9.26 mm spatial pixel resolution,
and used as an estimator of bone volume in the 3-D space
(BV/TVREF).
A total of 84 bone and cartilage samples were measured
and analyzed with 1.5 T MRI and pQCT methods. The total
number of cartilage samples measured successfully with
9.4 T MRI, biomechanical testing and microscopic methodswas 75. Some cartilage samples were unsuccessfully iso-
lated from the bone and some disks with non-uniform thick-
ness could not be mechanically tested. The cylindrical bone
plug required for mechanical testing was not detachable
from all sites of interest due to insufﬁcient thickness of tra-
becular bone. Additionally, the curvature of the patellar sur-
face caused overlapping of adjacent medial and lateral
plugs from which other had to be rejected (each plug was
drilled at perpendicular direction to the articular surface).
Therefore mechanical testing was performed for 46 sam-
ples. Twenty-four samples too short for mechanical testing
were analyzed microscopically. The samples were divided
into three groups with different degree of degeneration ac-
cording to their MS: samples with no or minimal degenera-
tion (group I, MS< 4), moderate degeneration (group II,
4MS< 8) and advanced degeneration (group III,
MS 8) (Table II). The number of samples was different
for bone and cartilage samples because of the aforemen-
tioned technical difﬁculties in bone sample preparation.
STATISTICAL ANALYSES
For comparison of measured variables, linear Pearson
correlation coefﬁcients were determined separately for all
samples and for samples with no or minimal degeneration.
The statistical differences between different stages of de-
generation were tested using KruskaleWallis and Manne
Whitney U tests. Statistical analyses were conducted using
SPSS software (version 11.5, SPSS Inc., Chicago, IL,
USA). The signiﬁcance of the difference between two corre-
lation coefﬁcients was tested by using the standard Fisher
Z-score test34. The signiﬁcance of the difference between
two correlation coefﬁcients depends on the magnitude of
the coefﬁcient in question and the number of data points
used for its calculation.
Results
Both bulk and superﬁcial dGEMRIC at 1.5 T and 9.4 T
showed a similar trend of decreased values in group III in-
dicating loss of PGs (Fig. 3). The difference was statistically
signiﬁcant at 9.4 T results but the large variation of mea-
sured values yields insigniﬁcant differences between the
groups at 1.5 T. There was an increasing trend in T2 relax-
ation time along the progression of cartilage degeneration.
Superﬁcial T2 relaxation time at 1.5 T showed statistically
signiﬁcant differences between group III and other groups,
and bulk T2 discerned even groups I and II. There were
no signiﬁcant differences in T2 between groups at 9.4 T;
however a trend with slightly increasing values toward the
advanced degeneration was shown. Mechanical properties
Table II
Number of samples in different experimental groups. The samples
were divided into groups according to their MS (MS< 4, no or min-
imal degeneration; 4MS< 8, moderate degeneration; MS 8,
advanced degeneration). Number of samples measured using dif-
ferent experimental techniques varies due to technical limitations
in sample preparation
Group MS< 4 4MS< 8 MS 8
Cartilage 31 35 11
Bone
Mechanical 20 19 3
Histological 6 11 7
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Fig. 3. MeanSD values for cartilage variables divided into three groups according to the MS: group I (samples with no or minimal degen-
eration, the MS< 4), group II (moderate degeneration, 4MS< 8 and group III (advanced degeneration, MS 8). The statistically signiﬁcant
differences (P< 0.05) between groups are denoted with brackets. The number of samples in groups measured with different modalities is
shown in Table I.and PG content as measured by optical density discerned
all groups, and collagen content discerned group III from
other groups, all three showing a systematic trend with de-
creasing values with advancing degeneration.
For bone variables, BMD and BV/TV measured by pQCT
showed signiﬁcant difference between groups I and III with
decreasing values along cartilage degeneration (Fig. 4).
The mechanical properties of trabecular bone showed sig-
niﬁcant difference between groups I and II but not between
groups I and III despite a similar mean values in groups II
and III. This is probably due to small amount of samples in
group III (n¼ 3). MRI variables of trabecular bone did not
show signiﬁcant differences between groups divided by de-
gree of cartilage degeneration. There were no statistically
signiﬁcant differences between samples with MS 0 (n¼ 4)
and all other samples in any variable except for PG content.
The linear correlation coefﬁcients between MRI variables
of cartilage and mechanical and histological variables var-
ied differently at different ﬁeld strengths (Table III). The dif-
ference in correlation coefﬁcients at different ﬁeld strengths
was statistically signiﬁcant between superﬁcial T2 and PG
content (P¼ 0.06), superﬁcial T2 and Es,c (P¼ 0.02) and
between superﬁcial T2 and Ed,c (P< 0.01). PG content cor-
related signiﬁcantly with Es,c and Ed,c (r¼ 0.55 and 0.62, re-
spectively, P< 0.01). Collagen content correlated similarly
with Es,c and Ed,c (r¼ 0.58 and 0.68, respectively,
P< 0.01). There were signiﬁcant correlations also between
mechanical properties and MRI and pQCT variables of
trabecular bone (Table IV). The mechanical properties of
cartilage and bone did not correlate signiﬁcantly with each
other despite similar trend along degeneration. T2* oftrabecular bone correlated positively with dGEMRIC at
both ﬁeld strengths (r¼ 0.32, P< 0.01 and r¼ 0.27,
P< 0.05 for deep and superﬁcial cartilage at 1.5 T, respec-
tively, and r¼ 0.46, P< 0.01 and r¼ 0.44, P< 0.01 for deep
and superﬁcial cartilage at 9.4 T, respectively). T2* of bone
correlated negatively with superﬁcial T2 of cartilage at 1.5 T
(r¼0.31, P< 0.01). Superﬁcial dGEMRIC at 1.5 T also
correlated negatively with BMD (r¼0.32, P< 0.01).
Some of the linear correlation coefﬁcients were higher
when only samples with no or minimal degeneration were
separately assessed. Despite the small number of samples,
the increase of the correlation coefﬁcient between bone vol-
ume fractions as measured with pQCT and microscopy was
statistically signiﬁcant (P< 0.05) (Table V). The increase of
correlation coefﬁcients between BV/TVREF and T2* and be-
tween BV/TVREF and BMD is illustrated in Fig. 5. Correlation
coefﬁcients between cartilage variables did not show similar
increase as that for the correlation coefﬁcients between
bone and cartilage variables (Table VI). The increase was
statistically signiﬁcant in correlation coefﬁcients between
superﬁcial dGEMRIC at 1.5 T and BMD (P< 0.01), Young’s
modulus of cartilage and BMD (P< 0.05) and Young’s mod-
ulus and T2* (P< 0.05).
Discussion
Human cadaver patellae were investigated with quantita-
tive MRI and several reference methods, such as mechani-
cal testing, microscopic analyses and pQCTmeasurements.
Variables previously related to structural and mechanical
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Fig. 4. MeanSD values for bone variables divided into three groups according to the MS: group I (samples with no or minimal degeneration,
the MS< 4), group II (moderate degeneration, 4MS< 8 and group III (advanced degeneration, MS 8). The statistically signiﬁcant differ-
ences (P< 0.05) between groups are denoted with brackets. The number of samples in groups measured with different modalities is shown in
Table I.properties of articular cartilage and trabecular bone were re-
lated to each other. Moreover, the degenerative status of the
cartilage layer was determined histologically using MS and
the changes in bone and cartilage as well as the changes
in the relations between them were investigated as function
of progression of degeneration. The present results from ex-
tensive analyses with several quantitative methods highlight
the parallel changes in cartilage and underlying bone during
degenerative process. Most of the revealed changes in tis-
sue could be detected with MRI.
At 1.5 T, T2 relaxation time of cartilage showed a signiﬁ-
cant increase with degeneration, whereas T2 measured at
9.4 T showed a similar trend, however, statistically insignif-
icant. On the other hand, dGEMRIC at both ﬁeld strengths
showed a decreasing trend with degeneration but changes
were signiﬁcant at 9.4 T only. Increased T2 values have
been earlier related to advanced degeneration in human
cartilage35,36, however a T2 decrease has been reported
in a study utilizing enzymatic digestion37. As compared to
any digestion model selectively affecting speciﬁc compo-
nents, spontaneous human OA can be considered a more
complicated process, involving interaction of the cartilage
Table III
Linear correlation coefficients between MRI variables and mechan-
ical properties of articular cartilage. There are significant differ-
ences in correlation coefficients of MRI parameters measured at
different field strengths
PG Collagen Es,c Ed,c
1.5 T
T2,s 0.53** 0.57** 0.54** 0.62**
T2 0.39** 0.43** 0.40** 0.46**
dGEMRICs NS NS 0.30** NS
dGEMRIC NS NS NS NS
9.4 T
T2,s 0.28* 0.54** NS 0.24*
T2 0.47** 0.50** NS 0.28*
dGEMRICs 0.41** 0.32** 0.35** 0.39**
dGEMRIC 0.45** 0.30** 0.31** 0.35**
**P< 0.01; *P< 0.05.components1. The results from these earlier studies sug-
gest that the relaxation mechanisms in articular cartilage
are complicated and may be different at different ﬁeld
strengths, warranting further studies.
T2 has been reported to be sensitive also to PG changes
in porcine articular cartilage at 2.35 T with articular surface
oriented along the direction of the B0 ﬁeld
38. When applying
this orientation, the collagen ﬁbers of deep layer of articular
cartilage, the thickest layer, are perpendicular to the B0 ﬁeld
which considerably diminishes the nuclear dipolar interac-
tion compared to the orientation with articular surface per-
pendicular to the B0 ﬁeld, causing an increase in the signal
detected from the deep cartilage39. Such an orientation
may lead to a diminished contribution of collagen-related
relaxation mechanisms and other, e.g., PG-related mecha-
nisms may play a more important role in the deep cartilage.
This may also partly explain the differences between T2
measured at different ﬁeld strengths. The orientation depen-
dency of T1 relaxation mechanisms is negligible
40, whereas
T2 depends strongly on the collagen orientation due to the
dipolar interaction39,41. Hence, this might partially explain
the signiﬁcant connection between T2 and PG content. On
the other hand, T2 and PG content have shown to have no
signiﬁcant correlation after PG depletion in bovine patellae42
as well as signiﬁcant difference before and after a slight or
severe PG loss induced by digestion in rat patellae43. The
sample orientation with respect to the B0 ﬁeld was different
in these studies, and the effect of the magic angle on the re-
sults is difﬁcult to assess. Thus, further investigation is
required.
As far as the authors know the present study is the ﬁrst
histological veriﬁcation of relationship of dGEMRIC and
OA-related changes in human articular cartilage. Although
dGEMRIC revealed a decreasing trend in T1 values along
tissue degeneration these differences were not statistically
signiﬁcant between groups with no or minimal degeneration
and moderate degeneration at either ﬁeld strength. This
suggests that dGEMRIC, unlike T2 relaxation time, may
not be sensitive enough to detect the earliest degenerative
changes. Interestingly, the histological results show that PG
content is signiﬁcantly different between all groups but the
1155Osteoarthritis and Cartilage Vol. 15, No. 10Table IV
Linear correlation coefficients between MRI and pQCT variables and mechanical and histological properties of trabecular bone
Es,b sy su BV/TVpQCT BMD BV/TVREF
BV/TVGE 0.32* 0.40** 0.46** 0.51** 0.56** NS
BV/TVSE NS NS NS 0.55** 0.66** NS
T2* NS 0.34* 0.33* NS 0.31* NS
BV/TVpQCT 0.36* 0.44** 0.49** e 0.82** 0.59**
BMD 0.44** 0.61** 0.64** 0.82** e 0.58**
**P< 0.01; *P< 0.05.difference in collagen content is not signiﬁcant between
sample groups of no or minimal degeneration and moderate
degeneration. The relation between the present MRI and
histological results is in disagreement with the current un-
derstanding on the relation of the present qMRI techniques
and cartilage composition and structure, and implies that
the relaxation processes in cartilage are more complicated
than generally understood. The correlation between MRI
variables and mechanical properties in patellar cartilage is
reported to differ from other articular surfaces in human
knee44, thus further investigations are required to determine
the relationship of dGEMRIC and joint degeneration in other
articular surfaces.
BMD decreased along with osteoarthritic degeneration of
cartilage. This is contradictory to previous results from histo-
logical evaluation of human samples45,46. This may be due
to different choice of ROI. In the present study the dense
subchondral bone was omitted from analyzed regions since
it does not provide any NMR signal, and this might have ex-
cluded possible sclerosis. Some samples showed sclerotic
changes near the subchondral plate in pQCT images. The
decrease in mineral density of trabecular bone may partially
be explained by the age-related changes, such as osteopo-
rosis. The age of joint donors was signiﬁcantly lower within
samples with no or minimal degeneration.
Four different calculations were used for bone volume
fraction. BV/TVREF was calculated from sections prepared
for polarized light microscopy, and it was the only calcula-
tion with resolution sufﬁcient for exact binarizing (9.26 mm
for polarized light microscopy as compared to 200 mm for
pQCT and 234 mm for MRI). However, this is a histological
method not suitable for in vivo use. BV/TVpQCT and BV/
TVGE were based on the image histogram and provide rea-
sonable estimates for images with better resolution. BV/
TVpQCT agreed well with BV/TVREF within samples with no
or minimal degeneration, suggesting that 200 mm would
Table V
Linear correlation coefficients between bone volume fractions
measured with different techniques (MRI, pQCT and polarized light
microscopy). The number of measured samples was 31 (MS< 4)
and 84 (all samples) for MRI and pQCT and 6 (MS< 4) and 24
(all samples) for microscopy. The correlation coefficients with
gray background are calculated including only samples with MS
less than 4. The correlation coefficients between BV/TVpQCT and
BV/TVREF and between BV/TVSE and BV/TVREF were higher within
samples with MS< 4
BV/TVGE BV/TVSE BV/TVpQCT BV/TVREF
BV/TVGE - 0.479* 0.506** 0.112
BV/TVSE 0.487** - 0.549** 0.392
BV/TVpQCT 0.443* 0.573* - 0.586**
BV/TVREF 0.086 0.673 0.966** -
A
ll
sam
ples
Samples with Mankin score < 4be a sufﬁcient resolution for healthy samples but that the
degeneration process may also affect this relationship.
For BV/TVGE, the chemical shift effect may cause additional
blurring to the original image. The slice thickness was
0.5 mm and 1 mm for pQCT and for MRI, respectively,
which also certainly affects the results, smaller slice thick-
ness providing more accurate estimate. To improve the fea-
sibility of BV/TVSE, an oil phantom with composition similar
to that of the bone marrow is required. The content of yellow
marrow, that is known to increase with age, is another chal-
lenge for this method. Thus none of the techniques used in
the present study can be considered as a gold standard
without further improvements.
4
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Fig. 5. Scatter plots of T2* relaxation time and BMD as a function of
microscopically measured apparent bone volume fraction (BV/
TVREF). In both cases the correlation coefﬁcient is increased signif-
icantly when samples with MS< 4 only are included. In subﬁgure
(a) the correlation coefﬁcient increases from 0.09 (not signiﬁcant)
to 0.86 (P< 0.05). In subﬁgure (b) the coefﬁcient changes from
0.58 (P< 0.01) to 0.91 (P< 0.01). In both cases the change of cor-
relation coefﬁcient is signiﬁcant (P< 0.05). The line is ﬁtted to the
sample group with MS< 4.
1156 E. Lammentausta et al.: qMRI of parallel cartilage and bone changesMechanical properties of articular cartilage and trabecular
bone showed a similar trend toward smaller values along
cartilage degeneration but there were no signiﬁcant linear
correlations between mechanical parameters of bone and
cartilage. Yet, cartilage and bone MRI parameters were cor-
related. This suggests that the chain of degenerative
changes is complex and needs further investigation.
Some linear associations were higher when only the
samples with no or minimal degeneration were included.
This result, together with the results of earlier studies using
enzymatic digestion, suggests that quantitative MR param-
eters reﬂect the mechanical properties of healthy tissue but
the actual degeneration affects the tissue in a complex way.
Additionally, there might be several types of subprocesses
in OA development, and quantitative parameters which
are sensitive to changes in single joint tissue component
may not detect all degenerative changes.
The current results are obtained using human patellae.
Because of the speciﬁc loading conditions, the trabecular
structure may be more adapted to tensile stress than com-
pressive weight-bearing47. Similar adaptation may also oc-
cur in cartilage. The relation between MRI parameters and
mechanical properties at patellar surface have been shown
to differ from those at other articular surfaces of the human
knee44. Thus, generalization of the present results for other
joint surfaces may not be warranted.
Based on the present results, the characteristic changes
during osteoarthritis include decrease in elastic moduli of
bone and cartilage, PG and collagen contents of cartilage
and BMD and bone volume fraction of trabecular bone. De-
spite the modest linear relations between the MRI and ref-
erence parameters, current results suggest that parallel
cartilage and bone changes in degenerative joint disease
can be detected with qMRI techniques, particularly T2 of ar-
ticular cartilage and T2* of trabecular bone. Even though
previous and present results suggest that T2 is sensitive
to more than one structural component of articular cartilage,
it seems that T2 is also effective in discerning different
stages of osteoarthritis.
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